Penicillium chrysogenum is a filamentous fungus of major medical and historical importance, being the original and present-day industrial source of the antibiotic penicillin. The species has been considered asexual for more than 100 y, and despite concerted efforts, it has not been possible to induce sexual reproduction, which has prevented sexual crosses being used for strain improvement. However, using knowledge of mating-type (MAT) gene organization, we now describe conditions under which a sexual cycle can be induced leading to production of meiotic ascospores. Evidence of recombination was obtained using both molecular and phenotypic markers. The identified heterothallic sexual cycle was used for strain development purposes, generating offspring with novel combinations of traits relevant to penicillin production. Furthermore, the MAT1-1-1 mating-type gene, known primarily for a role in governing sexual identity, was also found to control transcription of a wide range of genes with biotechnological relevance including those regulating penicillin production, hyphal morphology, and conidial formation. These discoveries of a sexual cycle and MAT gene function are likely to be of broad relevance for manipulation of other asexual fungi of economic importance. sexual recombination | secondary metabolism | ascomycete
Penicillium chrysogenum is a filamentous fungus of major medical and historical importance, being the original and present-day industrial source of the antibiotic penicillin. The species has been considered asexual for more than 100 y, and despite concerted efforts, it has not been possible to induce sexual reproduction, which has prevented sexual crosses being used for strain improvement. However, using knowledge of mating-type (MAT) gene organization, we now describe conditions under which a sexual cycle can be induced leading to production of meiotic ascospores. Evidence of recombination was obtained using both molecular and phenotypic markers. The identified heterothallic sexual cycle was used for strain development purposes, generating offspring with novel combinations of traits relevant to penicillin production. Furthermore, the MAT1-1-1 mating-type gene, known primarily for a role in governing sexual identity, was also found to control transcription of a wide range of genes with biotechnological relevance including those regulating penicillin production, hyphal morphology, and conidial formation. These discoveries of a sexual cycle and MAT gene function are likely to be of broad relevance for manipulation of other asexual fungi of economic importance. sexual recombination | secondary metabolism | ascomycete F ilamentous fungi are of great value to the pharmaceutical industry because of their extensive secondary metabolism (1) . Examples of fungal products include statins from Aspergillus terreus and Penicillium citrinum, immunosuppressants from Tolypocladium inflatum and Penicillium brevicompactum, and antibiotics from Acremonium chrysogenum and Penicillium chrysogenum. Strain improvement programs generally use random mutagenesis and, more recently, recombinant technologies to generate improved derivatives (2) . A common feature of most industrial filamentous fungi is that they lack a sexual cycle, which has prevented the generation of novel strains by sexual crossing. This method offers particular advantages because crosses can be set up between isolates with different desirable traits, and meiotic recombination occurs throughout the whole genome, potentially generating considerable genetic variation for screening purposes (2) . P. chrysogenum is the major industrial source of the beta-lactam antibiotic penicillin, which has annual worldwide sales of about US$ 8 billion (3) . Sir Alexander Fleming made the fortuitous discovery of penicillin as a result of a contaminant, P. chrysogenum, inhibiting growth of a bacterial culture. Fifteen years later, a higher-yielding strain, NRRL1951, was isolated at the US Department of Agriculture Northern Regional Research Laboratory (NRRL) in Peoria, Illinois, from a moldy cantaloupe, which generated sufficient amounts for the commercial production of penicillin (4). Since then, conventional mutagenesis programs have been used to develop strains with elevated penicillin titers. All P. chrysogenum production strains currently used worldwide are derivatives of NRRL1951 and show amplification of the genomic region encoding penicillin biosynthesis genes (5) . Recent phylogenetic analyses have revealed that P. chrysogenum sensu lato is composed of at least two distinct species, Penicillium rubens and P. chrysogenum sensu stricto, with Fleming's strain and NRRL1951 reidentified as P. rubens (6, 7) . However, for the purposes of this study, we refer to all isolates as P. chrysogenum given that this is a nomen conservandum (8) .
P. chrysogenum is only known to reproduce by asexual means. However, accumulating evidence suggests that it might have the potential for sexual reproduction with an unidentified or "cryptic" sexual stage present (9) . We recently discovered mating-type (MAT) and pheromone signaling genes in P. chrysogenum (10) , which are involved with mating in other sexual fungi (11) . For sex to occur in heterothallic (obligate outcrossing) ascomycete fungi, complementary MAT1-1 and MAT1-2 isolates must be present (11) . Significantly, a MAT1-1 locus, with a MAT1-1-1 gene encoding a putative alpha-box transcription factor, is present in NRRL1951 and all its derivatives, whereas the original Fleming strain contains the opposite MAT1-2 locus (10). In addition, recombination has been reported within natural populations of P. chrysogenum together with a near 1:1 distribution of MAT1-1 and MAT1-2 isolates (6), and there is evidence of repeat induced point mutation in the genome, a process associated with meiosis (12) .
Recent findings suggest that sexual reproduction can be triggered in supposedly asexual fungi (13) (14) (15) (16) if the correct growth conditions are identified (17, 18) . The principle aim of the current study was therefore to determine whether a functional sexual cycle could be induced in P. chrysogenum, using knowledge of MAT gene organization in the species to set up directed crosses between known MAT1-1 and MAT1-2 isolates, and if the sexual cycle could be used for strain development purposes. We also investigated whether MAT genes, which are defined primarily by their role in governing sexual identity (11, 19) , might have additional roles in regulating other developmental processes of biotechnological relevance.
Results
Induction of a Sexual Life Cycle in P. chrysogenum. Applying knowledge of MAT gene presence, we set up 24 crosses between P. chrysogenum strains of known MAT1-1 and MAT1-2 genotype. These strains were either wild type (from different geographic origins) or production strains with high penicillin titers (Table  S1 ). Various combinations of growth media and pairings were tested, including the use of conditions recently shown to induce sexual reproduction in Aspergillus fumigatus and related aspergilli (18, 20) . When crosses were performed on different oatmeal agars in sealed Petri dishes in the dark at 15-27°C, cleistothecia [sexual reproductive structures characteristic of Penicillium species and some other ascomycete fungi (18, 21) ] were formed in most but not all crosses in the contact zone of the two mating partners after incubation from 5 wk to 3 mo, but these were sterile with no ascospores produced.
However, in one cross, Q176 (MAT1-1; a derivative of NRRL1951) × IB 08/921 (MAT1-2; wild type), when the oatmeal agar was supplemented with biotin, cleistothecia were produced within 5 wk that contained viable ascospores ( Fig. 1A and Table  S1 ). Thus, the addition of biotin was necessary for completion of the sexual cycle. Biotin is also essential for sexual development in certain Sordaria and Chaetomium species (22) .
Molecular and Phenotypic Evidence for Recombination in the Ascospore
Offspring. To verify that sexual outcrossing had occurred, it was necessary to provide evidence of recombination. Therefore, more than 150 ascospore progeny from the Q176 × IB 08/921 cross were isolated. These parental isolates are phenotypically distinct: Q176 produces pale green conidia, the yellow pigment chrysogenin, and shows an elevated penicillin titer relative to most . DNA from four ascospore lineages (designated AS) and two parental strains (Q176 and IB 08/921) was used for analysis with mating-type locus-specific primers. Mating types are distinguished by the size of PCR amplicons. For RFLP analysis, gene-specific primers were used for amplification of DNA, followed by restriction enzyme digestion with PdmI (nsdD) and HinfI (hypo.; Pc24g01940). Strain designation color indicates either MAT1-1 (blue) or MAT1-2 (red) genotype. Progeny were classified into five recombinant groups based on 12 genotypic markers (eight shown) obtained by Southern hybridization or RFLP analysis (see Fig. 1C and Fig. S1 ). Numerical values (1 and 2) indicate whether the gene was derived from the MAT1-1 (dark gray shading) or the MAT1-2 (light gray shading) parent, respectively. Gene abbreviations and products: Chry, putative chrysogenin synthase; flbC, C2H2 conidiation transcription factor; hypo, hypothetical gene (Pc24g01940); nsdD, GATA-type sexual development transcription factor; pcbC, isopenicillin N synthase; pclA, phenylacetyl-CoA ligase; stuA, helix-loop-helix transcription factor. *The following genes failed to identify additional recombinant phenotypes, most probably due to linkage with other marker genes (see wild-type strains, whereas IB 08/921 produces dark green conidia, no detectable chrysogenin, and only has weak antibacterial activity. As shown in Fig. 1B , recombinant strains were found with novel characteristics derived from both parents. For example, offspring AS 16-2-6 had dark green conidia, chrysogenin production, and a distinct halo indicating significant penicillin biosynthesis. A very notable phenotype was seen in offspring AS 1-2-54, which lacked chrysogenin production (similar to parent IB 08/ 921), but which formed a marked clearing zone (similar to parent Q176). Chrysogenin contaminates crystalline penicillin powders, and during the 20th century commercial producers had to extract this pigment, resulting in a reduced penicillin yield (4) . Thus, we demonstrate here that sexual crossing offers a way to bring together previously separate traits of interest to develop improved strains that have high penicillin titer and lack chrysogenin. This sexual crossing and offspring screening approach could also be applied to different fungi for the removal of other unwanted secondary metabolites such as mycotoxins (23) .
Ascospore offspring were also screened for recombination at the molecular level. After comparing sequences from a total of 56 genes, 11 genes were identified across seven contigs of the P. chrysogenum genome that exhibited restriction site polymorphisms between the parental isolates, meaning that different alleles could be distinguished by a single restriction enzyme digest ( Fig. 1C and Fig. S1 A and B ). In addition, mating type was determined by Southern hybridization of genomic DNA with MAT-specific probes or PCR analysis with MAT-specific primer pairs (Fig. 1C ). Consistent with the phenotypic data, screening of 36 recombinant ascospore lines revealed at least five different recombinant molecular phenotypes indicating independent chromosomal assortment (groups 1-5; Table 1 ). A strong bias toward the group 1 phenotype was observed, possibly explained by genome heterogeneity of the two unrelated mating partners preventing recombination of certain linkage groups. Two of the marker genes, nsdD and stuA, were present on the same single contig. Three of the progeny groups (groups 2, 4, and 5) contained nsdD and stuA alleles derived from the different parental strains, demonstrating that intrachromosomal recombination had occurred. Evidence of recombination was also obtained from a second cross of two F 1 progeny from the original Q176 × IB 08/921 cross (Fig. S1C ). Overall, these data confirmed that P. chrysogenum possesses a heterothallic sexual breeding system.
Construction of MAT1-1-1 Deletion and Overexpression Strains.
These findings indicated that the MAT genes were functional in P. chrysogenum in relation to sexual reproduction. This encouraged us to study the functionality of MAT genes in regard to other developmental pathways relevant to penicillin biosynthesis in P. chrysogenum. Strain P2niaD18, which has a high penicillin V titer under laboratory conditions and is a MAT1-1 derivative of NRRL1951, was chosen for study (10) . An additional strain, ΔPcku70, with a deleted ku70 gene was constructed from P2niaD18 to promote efficient gene replacement (24) . ΔPcku70 was then transformed with a construct in which the MAT1-1-1 ORF was replaced with a phleomycin resistance cassette (Fig. S2A) , leading to the production of two mutants (ΔMAT1-1-1 EK5 and EK6) lacking the MAT1-1-1 gene. A complemented control strain (ΔMAT1-1-1::MAT1-1-1) was then constructed by reinserting the MAT1-1-1 gene together with a terbinafine resistance marker (25) . Finally, two MAT1-1-1 overexpression strains (P2:: MAT1-1-1 T2 and T5) were constructed by transforming P2niaD18 with an insert with the MAT1-1-1 gene under control of the constitutive gpd promoter of Aspergillus nidulans. All recombinant strains were genetically characterized ( Fig. S2 A-C) and are subsequently referred to as "recombinant MAT1 strains." As predicted from previous studies with MAT gene deletants of A. nidulans, Gibberella zeae, and Sordaria macrospora (26-28), the ΔMAT1 deletion strains were sterile when crossed to the fertile MAT1-2 isolate IB 08/921, being unable to form ascospores, although cleistothecia were formed (Table S1 ). Penicillin Production Is Regulated by the MAT1-1-1 Gene. We first assessed functionality of MAT1-1-1 in penicillin production using a bioassay measuring clearing zone formation in bacterial lawns ( Fig. 2A ). Overexpression and complemented strains did not deviate significantly from the parental strains. However, both ΔMAT1 mutants showed a significant reduction in penicillin biosynthesis throughout the time course compared with control strains (e.g., a 60% reduction at 72 h), although all strains exhibited similar mycelial dry weight production. The reduced penicillin titer was confirmed by HPLC analysis (Fig. S3A) . That MAT genes can influence fungal secondary metabolite production is a previously undescribed finding of high industrial relevance because many other filamentous fungi are used as the sources of key natural products (1, 17) .
MAT1-1-1 Gene Controls Hyphal Morphology, Conidiation, and Pellet
Formation. We next assessed the effect of MAT1-1-1 expression on hyphal morphology. This is an important industrial trait because fungi exhibit distinct morphologies in submerged culture depending on the extent of branching and/or elongation of hyphae. Freely dispersed hyphal suspensions can be formed that are highly viscous or hyphae may aggregate to form "pellets" with lower viscosity. Inspection of strains revealed important morphological differences when grown for 24-48 h on solid or in shaken liquid media ( Fig. 2B and Fig. S3B ). Conidia of the parental and complemented strains germinated mostly to yield one or two hyphae exhibiting dichotomous branching. By contrast, conidia of the overexpression strains exhibited long germinating hyphae without any terminal branching. Conidia of the ΔMAT1 strains produced short hyphae with intensively branching tips, often with more than two emergent hyphae. These phenotypic differences were confirmed quantitatively ( Fig. S3 C and D) . Cultures were then grown from 72 to 192 h in shaken liquid culture, comparable to applied fermentation conditions. Phenotypic differences were even more pronounced, with gene deletion and overexpression strains producing significantly larger pellets than control strains ( Fig. 2B and Fig. S3E ). Thus, these previously undescribed results demonstrated that MAT genes can influence the morphology and polarity of germinating hyphae.
The influence of MAT1-1-1 expression on conidial formation was also investigated. There were clear differences in sporulation between parental and deletion strains when plated on solid media. An approximate 25% increase in sporulation was seen in both ΔMAT1 strains relative to other strains when grown in the light (Fig. 2C) . Again, this is a unique report of MAT genes influencing asexual sporulation in fungi.
Microarray Time-Course Analysis of MAT1-1-1 Regulated Gene
Expression. To understand the molecular basis for the observed phenotypes, a microarray time-course experiment was performed to investigate MAT1-1-1 dependent transcriptional regulation further, comparing expression of the ΔMAT1 mutant relative to the ΔPcku70 parent up to 96 h growth. A total of 2,421 genes showed differential regulation over this period, as defined by a threshold of at least twofold change in expression levels (Fig. 3A) . Between 23 and 30 genes of mostly unknown function were downor up-regulated, respectively, at all time points (Table S2 ). Consistent with the data above, genes related to conidiation and morphology, (e.g., PcbrlA, PcdewA, PcdewB) were down-regulated in the ΔMAT1 strain (Table S2 ). The three penicillin biosynthesis genes (pcbAB, pcbC, penDE) were also down-regulated at 60 and 96 h; this result was confirmed by quantitative real-time PCR (qRT-PCR) analysis (Fig. 3B) . Other microarray studies have also demonstrated that MAT genes have a wide-ranging effect on fungal gene expression (26, (29) (30) (31) .
Functionality of the P. chrysogenum Pheromone and Pheromone
Receptor Genes. The microarray analysis also revealed that three elements of a putative pheromone signaling pathway were expressed, comprising a previously identified pheromone precursor (Pcppg1) and two pheromone receptor (Pcpre1, Pcpre2) genes (10) (Fig. S4) . We therefore examined their functionality using yeast bioassays. Successful pheromone binding and signaling would be expected to result in cell cycle arrest and change in cell morphology and lead to formation of a halo in lawns of Saccharomyces cerevisiae (32) (33) (34) . On the basis of similarity to the S. cerevisiae MFα proteins, the P. chrysogenum Pcppg1 gene was predicted to produce a decapeptide pheromone of sequence KWCGHIGQGC, expected to bind to the cognate PcPRE2 receptor protein. And indeed, S. cerevisiae wild-type cells (ScSTE2p) or yeasts heterologously expressing PcPRE2 exhibited polarized growth, leading to pear-shaped forms (shmoos) of unconjugated haploid cells, in response to either the native S. cerevisiae α-factors or the synthetic decapeptide pheromone PcPPG1, respectively (35) (Fig.  4A ). This finding was further confirmed by bioassays in which addition of the synthetic PcPPG1 pheromone to lawns of S. cerevisiae that were heterologously expressing PcPRE2 resulted in halo formation (Fig. 4B) . Thus, PcPRE2 and PcPPG1 represent a functional pheromone-receptor pair likely involved in the observed mating of P. chrysogenum.
Discussion
We have provided unequivocal evidence for a heterothallic sexual cycle involving production of recombinant ascospore progeny in P. chrysogenum and demonstrated that sexual crosses can be used to develop new strains with improved industrial characteristics. Sex in P. chrysogenum could be induced on oatmeal agar as reported recently for other supposedly "asexual" Aspergillus and Penicillium species (18, 20, 36, 37) . However, it was necessary to supplement the agar with biotin to achieve complete sexual development, and similar supplementation might be required for other sexually recalcitrant species (17, 18) . Even with biotin supplementation, not all of the crosses tested generated cleistothecia with ascospores, suggesting that P. chrysogenum is composed of isolates on a continuum of sexual fertility, rather than being purely sexual or asexual, as suggested by the "slow decline" hypothesis (38) . Comparable results were obtained when highly derived industrial strains from Trichoderma, showing female sterility, were used in crosses with natural isolates of the teleomorph Hypocrea jecorina (14) . In this context, a fitness trade-off between retention of mating ability and growth-rate advantage has been demonstrated in S. cerevisiae (39) . Further work is now required to determine the extent of sexual fertility within natural populations of P. chrysogenum. The previously undescribed sexual state of P. chrysogenum was morphologically similar to that of known sexual Eupenicillium species, but no new teleomorph name is proposed in agreement with recent taxonomic revisions (18, 40) .
Our results are of significance to the understanding of the biology and evolution of P. chrysogenum (a species of great importance in its own right) and are of industrial relevance because the sexual cycle now offers a valuable tool for strain improvement, such as increasing penicillin production. Sexual reproduction offers particular advantages over conventional mutagenesis and genetic recombinant technologies for a number of reasons (2) . It involves recombination throughout the whole genome, thereby providing significant genetic variation for screening purposes. For many industrial processes, multiple genes might have to be manipulated to optimize strains, and gene-by-gene manipulations/mutations would be too slow to develop novel production strains in a reasonable time. Sexual reproduction offers an invaluable method to allow targeted crosses to be set up, providing a faster and economically cheaper procedure, without the need for prior knowledge of the genetic basis of traits of interest. Also, continued random mutagenesis and high-throughput screening can lead to undesirable deleterious mutations and genetic instability in producer strains (41) . For example, production strains of P. chrysogenum contain multiple point mutations as well as major amplifications and deletions compared with the genome sequence of the progenitor Wisconsin strain (42) . By contrast, sexual reproduction allows recombination of traits without introducing further mutations and offers a means to restore the fitness of industrial strains and eliminate ku70/ku80 mutations that can lead to genome instability (43) .
Furthermore, we have demonstrated that the P. chrysogenum MAT1-1-1 gene regulates transcription of a wide range of genes including those controlling penicillin production, hyphal morphology, and conidial formation, all traits of biotechnological relevance. This is a major finding because MAT genes have previously been primarily known for their role in determining sexual identity, as well as for other aspects of sexual development (19) . We had previously observed that hyphal morphology, and consequently pellet formation, in P. chrysogenum is dependent on a wide range of factors (44) . Hyphal morphology in submerged fermentations is a highly important feature of production strains in large-scale fermenters because this can influence productivity as a result of oxygen depletion and nutritional gradients (45) . The discovery that overexpression or deletion of the MAT1-1-1 gene significantly affected pellet formation indicates that manipulation of MAT genes might therefore provide a unique strategy for strain improvement. Overexpression of MAT genes might also increase the production of certain secondary metabolites of interest, given that the P. chrysogenum ΔMAT1 mutants showed a significant reduction in penicillin biosynthesis. The possible influence of the MAT1-2-1 gene family now merits future investigation.
Finally, these findings for P. chrysogenum are of broader significance because they indicate that sexual recombination might also be feasible for other filamentous fungi of economic importance that are assumed to be exclusively asexual, thus the findings are of general relevance to strain development and mating in fungi. The revelation of a sexual life cycle in P. chrysogenum illustrates an ongoing fungal "sexual revolution" (18) and the overall reproductive versatility of fungi, which exhibit a remarkable Fig. 4 . Bioassay of functionality of the P. chrysogenum pheromone and pheromone receptor genes. (A) Shmooing of S. cerevisiae in response to the synthetic pheromone PcPPG1 and to S. cerevisiae α-factor. MATa cells (YDB103, ste2Δ, sst2Δ) expressing the Pcpre2 (PcPRE2) gene were treated for 0, 2, or 4 h with either the synthetic pheromone PcPPG1 at 5 μM or DMSO. As a control, the wild type (Wt; MATa strain Y06055 sst2Δ) expressing the endogenous S. cerevisiae STE2 gene was treated with synthetic α-factor or DMSO. On average after 4 h, 50% of cells responded only to the specific pheromone by shmoo formation without any detected cross-reactivity of the pheromones. Scale bar, 10 μm. (B) Pheromone induced growth arrest (halo formation) of S. cerevisiae transformants expressing the P. chrysogenum Pcpre2 gene (PcPRE2; halo diameter: 2.3 ± 0.15 cm), or as a control the S. cerevisiae strain Y06055 (sst2Δ) expressing the endogenous STE2 pheromone receptor gene (ScSTE2p; halo diameter: 2.4 ± 0.13 cm). Averages of halo diameters from eight independent experiments (n = 8) were measured. No cross-reactivity of the pheromones could be detected. DMSO served as mock solution. α, S. cerevisiae α-factor pheromone; Pc, P. chrysogenum decapeptide pheromone (KWCGHIGQGC); Sm, S. macrospora undecapeptide (QWCRIHGQSCW).
balance between sexual and asexual reproduction in response to different environmental conditions (46) .
Materials and Methods
Strains and Growth Conditions. Details of bacterial and fungal strains investigated in this study are summarized in SI Materials and Methods and Table S3 . Maintenance and growth conditions were as described (47, 48) . Growth conditions for P. chrysogenum are detailed in SI Materials and Methods. DNA-mediated transformation of P. chrysogenum to construct gene deletion and overexpression strains and further rescue of deletion strains (Fig. S2) were done in principal as described recently (49) . Detailed information on strain constructions and functional analysis is provided in SI Materials and Methods and Tables S4 and S5.
Light and Scanning Electron Microscopy. Details about specimen preparation are provided in SI Materials and Methods.
In vitro recombinant techniques, sequence analysis, and penicillin quantifications are detailed in SI Materials and Methods.
Mating and Analysis of Recombinant Ascospore Lines. Strains of opposite mating type were inoculated onto either oatmeal agar medium (OA) (Pinhead Oatmeal; Odlums Group), OA (U.K.) (Traditional Rolled Oats; Quaker Oats), Köllnflocken (Kölln) medium, or Schmelzflocken (Schmelz) medium (Peter Kölln KGaA) (in each case 40 g/L), with or without addition of sildenafil citrate (Sil) (100 μM), vardenafil citrate (Var) (100 μM), or biotin (6.4 μg/L) after autoclaving. A 1 × 10 7 spore suspension of each isolate was prepared, and 20 μL of each suspension was inoculated as previously described (20) . The plates were sealed with Parafilm and incubated at 15, 18, 20, or 27°C in the dark. Further details for examination of crosses are provided in SI Materials and Methods.
Interaction Studies. The interaction of pheromones and pheromone receptors from P. chrysogenum was studied using the heterologous yeast system that was described previously (32) and is detailed further in SI Materials and Methods.
